Al-Si based alloys are widely used to automobile parts for weight reduction. The mechanical stirring method was performed to achieve the homogeneously dispersed strengthening phases such as AlB 2 , Al 3 Ti and TiB 2 phases since the specific gravity of strengthening phases is different from the Al matrix. 500 rpm of mechanical stirring results in well dispersion of strengthening phases compared with lower speed (100 rpm) and higher speed (1,000) stirring rate. The higher elastic modulus, hardness and good wear resistance is obtained in the Al-12 mass%Si-2.3 mass%Ti-1 mass%B alloy due to the formation of strengthening phases such as Al 3 Ti and boride containing (AlTi)B 2 compared with Al-12 mass%Si, Al-12 mass%Si-2.3 mass%Ti and Al-12 mass%Si-1 mass%B alloy. Relationship between the microstructure and mechanical properties is discussed based on the solidification phenomena.
Introduction
Structural materials for the automobiles and railroads have been required the high durability for their application such as fatigue property, strength and noise, vibration and harshness (NVH) properties. Al-Si based alloys have been widely used for the automobile parts such as connecting rods and engine blocks to reduce the weight of automobile 13) and their microstructure has also been researched. 4, 5) The reinforcing design for the Al alloys to increase the elastic modulus is required due to the lower mechanical properties compared with the steel in order to replace steel with the Al alloys since the NVH properties are strongly affected by the elastic modulus of material.
Titanium plays an important role in the grain refinement, solution hardening and enhancement of tensile strength in Al-Si alloys 68) even though the solubility is near 0.15% [all chemical compositions quoted in this study are in mass% unless otherwise stated] in ¡-Al. Recently, researches for the TiB 2 particles are intensively investigated due to the superior mechanical properties for reinforcing the Al alloy. 911) Yi et al. 12) and Mandal et al. 13) explained that TiB 2 particle is effective for enhancement of the elastic modulus and wear resistance, respectively. Emamy et al. 14) and Li et al. 15) explained the formation behavior of TiB 2 through the boron diffusion into the TiAl 3 interface. On the other hand, Chen and Fortier 16) suggested that the titanium levels should be limited less than or near to 0.1% when the titanium is added into the A356/357 alloy. The strengthening phases such as AlB 2 , Al 3 Ti and TiB 2 represent the higher specific gravity compared with the Al, i.e., the density of Al, AlB 2 , Al 3 Ti and TiB 2 is 2.7, 3.2, 3.3, and 4.5 g/cm 3 , respectively. Namely, it is quite important to disperse the strengthening phases in the ¡-Al matrix well. However, researches for controlling the microstructure and their mechanical properties with the dispersion method of the strengthening phases have rarely reported when the titanium and boron are added into the Al alloys. The goal of the present work is therefore to optimize the dispersion of the strengthening phases by the mechanical stirring method and reveal the role of titanium and boron additions in the mechanical properties of the Al alloys.
Experimental Procedure
Chemical composition of the alloys, one Al-Ti-B (A1) alloy and four Al-Si based (AS1³AS4) alloys, used in this study is described in Table 1 . Pure aluminum with a purity of 99.8%, pure silicon with a purity of 98.5%, Al-10%Ti and Al-5%B master alloys were used in order to fabricate the titanium and boron added alloys. All alloys were melted at 800°C. The mechanical stirring for the Al alloy with 100, 500 and 1,000 rpm for 90 s was performed to understand the dispersion behavior of the strengthening phases. The mechanical stirring with 500 rpm for 90 s to the AS1³AS4 alloys was carried out. Casting was performed just after the mechanical stirring. A graphite crucible with a diameter of 250 mm was used. A casting mold described in Fig. 1(a) is used and the impeller with a diameter of 30 mm was located near the bottom of a crucible, 10 mm from the crucible bottom. Optical microscopy (OM) was used to evaluate the dispersion of the strengthening phases and observe the as-cast microstructure. Microstructure analyses were carried out using a JEOL equipment of JXA-8900R electron probe X-ray microanalyzer (EPMA). Resonant ultrasound spectroscopy (RUS) using Magnaflux was utilized for the elastic modulus measurement. A theoretical elastic modulus is deduced through the calculation of a free vibration in a solid state. The difference between theoretical and measured value is indicated after first measurement of elastic modulus. In order to increase reliability of elastic modulus, the measurement should be repeated until the error rate is less than 1% as allowable limits of error. Hardness tests were carried out using Mitutoyo HR-521. Seven hardness measurements for each alloy were acquired. The maximum and minimum values were discarded and the average of the remaining five was used. The wear test was carried out using a CSM instrument of calo tester with 10 mm ball at 2,000 rpm for 5 min. with the Al is well known as introduced. With that reason, the effect of the mechanical stirring rate is mainly discussed in this study rather than effect of the cooling rate even though the microstructure can be affected by the cooling rate. In order to disperse the strengthening phases well, the factors that stirring speed, the size of the impeller and the position of the impeller in the melt are importantly considered.
1719)
The present authors selected 9 areas to understand how the stirring method affects the dispersion of the strengthening phases where the strengthening phases represent the different density compared with the Al matrix. The present authors remove the upper parts than the area of 7, 8 and 9 described in Fig. 1(a) since the shrinkage happened during solidification. The boron containing phases are mostly located in the lower part of the mold as shown in Fig. 1(b) with the slow stirring rate, whereas boron containing phases are mainly located in the upper part of the mold as shown in Fig. 1(d) with high stirring rate. Meanwhile, the boron containing phase are well dispersed with the 500 rpm of the mechanical stirring rate as shown in Fig. 1(b) compared with 100 and 1,000 rpm. Prabu et al. 17) explained that better homogeneous distribution of the particle is obtained with increasing the stirring speed and time. It is partially agreed with Prabu et al.
17) The present authors found that some particles floated with the high speed of stirring. This phenomenon might be caused by the position of impeller in the melt since the impeller is located near the bottom of the mold. It is noted that the position of the impeller should be considered when the stirring rate is changed to obtain the homogeneous microstructure. Namely, the way to well disperse the strengthening phase, controlling both the mechanical stirring rate and the position of the impeller are quite important where the different types of the phases in melt exist with the different specific gravity. Figure 2 (a) and (b) show the microstructures of the Al-2.3%Ti-1%B alloy. Based on the mapping result as shown in Fig. 2(c) , Al 3 Ti and and boron containing phases are found and they have the different morphology. More careful analysis using transmission electron microscopy (TEM) would be required to obtain definitive fact about the intermetallic compounds.
3.2 Effect of titanium and boron additions on the microstructure and mechanical properties Based on the dispersion behavior with the different mechanical stirring method as shown in Fig. 1, 500 rpm is applied to the Al-Si based alloys. Figure 3 shows the as-cast microstructure with the different chemical composition. The eutectic and primary Si are mainly observed in the Al-Si alloy as shown in Fig. 3 . Many intermetallic compounds are formed by the titanium and boron additions shown in Fig. 3(d) . Figure 4 shows the secondary electron image of the AS4 alloy in order to analyze the intermetallic compounds as shown in Fig. 3(d) . Point analyses were performed and their results are described in Table 2 . The eutectic Si is deduced regarding the first and second analyses.
The Al 3 Ti, TiAlSi and boron containing intermetallic compounds are inferred from the third analysis. The TiAlSi intermetallic compounds with the different chemical composition such as Ti 7 Al 5 Si 12 and Ti(AlSi) 2 16,20) are previously found. Emamy et al. 14) suggested the formation behavior of the strengthening phases that the TiAl 3 phase is firstly formed and the B is diffused into the TiAl 3 phase.
Wear test is performed for the Al-Si based alloys and the microstructures after Calo test are shown in Fig. 5 . It is clearly confirmed that the wear resistance is much more improved by the both addition of titanium and boron into the Al-Si alloy. The mechanical properties such as the elastic modulus and hardness are summarized in Table 3 . The hardness is increased by the titanium and boron additions into the Al-Si based alloys. Namely, the Al 3 Ti and boron containing phases such as AlB 2 and TiB 2 phases serve as the strengthening phases. Application of the newly designed alloy, AS4, with the high content of titanium and boron in the Al-Si alloy would be expanded since the AS4 alloys shows the superior elastic modulus and wear resistance. 
Conclusions
The strengthening phases such as the Al 3 Ti and boron containing phases are formed by the high amount addition of the titanium and boron into the Al-Si based alloy resulting in the enhancement of the elastic modulus, hardness and wear resistance. 
